of Guillain-Barré syndrome (GBS) [1] [2] [3] . Although the etiological mechanism for generating anti-GM1 antibodies has not been fully clarified, Campylobacteriosis is a potential risk factor for GBS, causing the production of high-titer anti-GM1 antibodies [4] [5] [6] . Campylobacter jejuni (C. jejuni) is a gram-negative bacterium expressing two components of strain-specific lipooligosaccharides (LOSs), a lipid A (or endotoxin) portion and a polysaccharide portion [7, 8] . Molecular mimicry between the carbohydrate structures of GM1 and of LOS derived from the serotype HS19 of C. jejuni is presumed to be a trigger for antibody production [9, 10] . We found that the LOS from strain HS19 of C. jejuni was composed of two distinct components distinguishable by the TLC-overlay profile to cholera toxin binding; these components are provisionally designated as fast-and slow-moving bands (LF and LS) based on their mobility on the TLC plate.
Cholera toxin is a hexameric bacterial toxin composed of a monomeric A subunit and a pentameric B subunit. The cholera toxin B subunit (Ctxb) possesses binding activity to GM1 by recognizing a specific epitope of the oligosaccharide portion of the GMl molecule. Binding of Ctxb with its ligand is not limited to GM1; several other glycosphingolipids (GSLs) also bind to Ctxb with less avidity (1-to 90-fold) to GM1 in the following order: GM1>GM1-Fuc>>GM2>GD1a>GM3>GT1b>GD1b>asialo GM1 [11] . It is interesting to note that binding of Ctxb is not limited to GSLs. Recently, it has been reported that polyphenols also possess binding affinity to Ctxb to form a Ctxb-polyphenol complex, though their dissociation constants have not yet compared with those of GM1 [12] . For this reason other non-GSL components that bind Ctxb should be carefully validated by chemical analysis. In consideration of the Ctxb-binding components of the LOS fraction, we hypothesized that molecular mimicry of the carbohydrate structure with GM1 is present in these components. We purified two components, LS and LF, and analyzed their chemical structures. We report here that LS is characterized as an octasaccharide containing a GM1-like component and LF is lipid A containing long-chain fatty acids. Both structures react with Ctxb owing to completely different mechanisms.
Materials and methods

Materials
The following items were purchased: high-performance thin-layer chromatography (HPTLC) plates coated with silica gel 60 (aluminum-backed sheets) from E. Merck, Darmstadt, Germany; o-phenylenediamine dihydrochloride tablet set (OPD Peroxidase Substrate), biotin-labeled cholera toxin B subunit, horseradish peroxidase-labeled cholera toxin B subunit, p-aminobenzoic acid ethyl ester (ABEE), diphosphoryl lipid A (from Escherichia coli F583, Rd mutant), monophosphoryl lipid A (from E. coli F583, Rd mutant), and alkaline phosphatase (from E. coli) all from Sigma, St.Louis, MO, USA; p-aminobenzoic acid octyl ester (ABOE) labeling kit from Seikagaku Corp., Tokyo, Japan; 1, 2-diamino-4, 5-methylenedioxybenzene dihydrochloride (DMB) from Donjindo Lab., Kumamoto, Japan. GM1 ganglioside was purified from bovine brain in our own laboratory. All other chemicals and reagents were of analytical grade or higher.
Purification of LS and LF
Schematic outline of isolation of crude LPS fractions
The optimized protocol to isolate LOS is shown in Fig. 1 . C. jejuni, ATCC-43446 (serotype HS19), was grown in Brucella Broth with gentle shaking (100-150 rpm) under microaerophilic conditions. The cells were recovered by centrifugation at 4,000 rpm for 30 min and washed twice with saline. The cell pellets were kept frozen at −20°until use. The LOS fraction was extracted from the cell pellets by the hot phenol-water procedure of Westphal [13] . An aqueous phase and a phenolic phase were obtained. The aqueous phase was dialyzed against water. The dialysate was treated with 2 volumes of methanol and 1 volume of chloroform. After the chloroform layer was recovered by partitioning, the aqueous layer was again partitioned with 1 volume of chloroform and 1 volume of water. The chloroform layer was recovered and combined with the initial chloroform layer. Most of the LOS was recovered in the combined chloroform fraction. An additional minor amount of LOS was precipitated from the remaining phenolic phase by adding 9 volume of acetone. Both LOS fractions were combined, dried, and then subjected to alkaline hydrolysis with 25% ammonia at 56°for 48 h. The solution was then dialyzed against water and the retentate was lyophilized.
Separation of LS and LF by using silica gel column chromatography
The LOS fraction, 0.5 g, obtained as described above, was further fractionated by stepwise elution from a silica gel column (13×1.5 cm i.d., Iatrobeads, 6RS-8060, Iatron Laboratories, Inc., Tokyo, Japan) using the following solvents: (1) 60 ml of n-propanol; (2) 40 ml of npropanol:H 2 O (75:20, v/v); (3) 100 ml of n-propanol:H 2 O: triethylamine (75:20:5, v/v/v); and (4) 100 ml of npropanol:H 2 O:triethylamine (60:20:20, v/v/v). The fractions eluted with solvents 1 and 3 were collected; an aliquot of each was tested by TLC-overlay, and the bulk of each of these samples was evaporated to dryness. For TLC-overlay, the sample was first developed using the solvent system of n-propanol:H 2 O:25% NH 3 (6:3:1, v/v/v). After drying, the plate was overlaid with a Ctxb solution (1:1,000 dilution) as described previously [14] .
Affinity chromatography of LS and LF
One mg of Ctxb protein, dissolved in a coupling buffer (0.1 M NaHCO 3 , pH 8.0), was coupled with 3.5 ml of an affinity gel, CNBr-Sepharose 4B (Sigma, St.Louis, MO, USA) by the procedure previously described [15] . The LOS fractions (10 mg), eluted with solvents 1 and 3, were applied onto an affinity column (column volume, 1 ml) and subjected to stepwise elution with the following solvents: (1) 10 ml of 50 mM PBS; (2) 5 ml of 100 mM NiCl 2 / 50 mM PBS buffer; and (3) 5 ml of 1 M PBS buffer. The bound LPS fraction, eluted with solvent 2, was dialyzed against water and lyophilized. The LPS lyophilizate was stored at −20°before use.
TLC-overlay with Ctxb
A portion of the purified LOS fractions, containing LS or LF, was examined by the TLC-overlay method with Ctxb as follows [14] . The LOS fraction and authentic GM1 were applied onto a TLC plate (HPTLC, aluminum-backed silica gel 60 sheet). The plate was developed with the solvent system of n-propanol:H 2 O:25% NH 3 (6:3:1, v/v/v). After drying, the plate was soaked with 0.1% polyisobutylmethacrylate in n-hexane for 1 min. The plate was overlaid with 1% ovalbumin in PBS solution for 20 min and then with the diluted Ctxb solution [horseradish peroxidase (HRP)-conjugated Ctxb, 1:1,000, or 5,000 dilution by 1% ovalbumin/PBS solution]. The original Ctxb solution was 1 mg /ml in PBS solution, and the labeling ratio was 2.38 mg of horseradish peroxidase per mg of Ctxb (1:1,000 or 1:5,000 dilution) in PBS solution containing 1% ovalbumin and 0.05% Tween 20. The plate was overlaid for 16 h at room temperature. The plate was washed with 1% ovalbumin in PBS solution containing 0.05% Tween 20. After washing, the plate was overlaid with OPD peroxidase substrate. The plate was washed with distilled water and dried under air. Bands were recorded by an imaging scanner.
Structural analysis of LS
Schematic outline of LS analysis
The schematic outline of LS analysis is shown in Fig. 2 . Briefly, the oligosaccharide was released by mild acid hydrolysis and separated by ultracentrifugation and Bio-Gel P-2 gel filtration. The oligosaccharide was labeled by reductive amination with ABOE [16] or by quinoxalinone formation with DMB [17] . To determine carbohydrate structural linkages, the ABOE-oligosaccharide and the DMB-oligosaccharide were isolated by Bio-Gel P-2 gel filtration. Finally, the molecular mass and carbohydrate linkage were determined by MALDI-TOF mass spectrometry.
To determine the carbohydrate composition, the ABOE-or DMB-oligosaccharide was subjected to acid hydrolysis with 2 N HCl /2 M trifluoroacetic acid or 25 mM sulfuric acid, respectively, and decomposed into neutral monosaccharides or α-keto acid monosaccharides; the resulting monosaccharides labeled by ABEE or DMB were analyzed by HPLC [16] [17] [18] . 
Oligosaccharide isolation
The affinity-purified LOS (10 mg) was subjected to mild acid hydrolysis with 10 ml of 1% acetic acid in water for 1 h at 90°C. After being neutralized with 1 M NaOH, the reaction mixture was ultracentrifuged (Beckman Optima XL-100K Ultracentrifuge, rotor SW55Ti; 100,000×g, 4°C, 1 h). The supernatant was recovered and then washed with an equivalent volume of chloroform. After partitioning, an aqueous solution was recovered and freeze-dried. The residue was dissolved in a small volume of water, applied to a Bio-Gel P-2 column (45×1 cm i.d., BioRad, Hercules, CA, USA ), and eluted with 0.1 M pyridine-acetic acid buffer (pH 5.3) [16] . One ml-fractions were collected with a fraction collector. The sugar content in each fraction was determined by the resorcinol-sulfuric acid method using mannose as a standard [19] . The resorcinol-sulfuric acid positive fractions containing oligosaccharides were pooled and dried in vacuo.
Carbohydrate compositional analysis
Glucose (Glc), galactose (Gal), L-glycero-D-manno-heptose (Hep), and N-acetylgalactosamine (GalNAc) were analyzed by the method of Fuji et al. [18, 20] . Briefly, the purified oligosaccharide fraction was hydrolyzed in 2 N HCl and 2 M trifluoroacetic acid for 4 h at 100°C, dried down, and converted to p-aminobenzoic acid ethyl ester (ABEE)-labeled monosaccharides. The monosaccharides (Glc, Gal, or Hep) were then analyzed by high-performance liquid chromatography (HPLC, Model LC-VP, equipped with a Model RF 10AXL fluorescence detector, Shimadzu, Kyoto, Japan) on a Honen Pak C18 column with a linear gradient elution from 0.02 to 0.2 M potassium borate buffer / CH 3 CN (94:6, v/v) at a flow rate of 1.0 ml/min for 50 min. GalNAc was analyzed as the ABEE-labeled galactosamine by HPLC with an isocratic elution of 0.02% trifluroroacetic acid/CH 3 CN (90:10, v/v) at a 1.0 ml/min of flow rate for 50 min. Elution was monitored by a fluorescence detector at an excitation wavelength of 305 nm and an emission wavelength of 360 nm.
DMB-labeled α-keto acid monosaccharides, such as Nacetylneuraminic acid (NeuAc), N-glycolylneuraminic acid (NeuGc), and 2-keto-3-deoxyoctanoic acid (Kdo), were analyzed by HPLC using an ODS column by Axxiom chromatography equipped with a fluorescence detector at an excitation wavelength of 373 nm and an emission wavelength of 448 nm. The molar ratio of DMB-NeuAc and ABEE-Gal was calibrated from estimating the correction factor between fluorescence intensities using labeled monosaccharides from sialyllactose.
Oligosaccharide analysis
The oligosaccharide fraction was derivatized using an ABOE-labeling kit, and the derivatives were separated on [21] . The fluorescent peak at the retention time of 21.5 min, corresponding to that of the ABOE-labeled oligosaccharide, was recovered from HPLC and desalted by a Sep-Pak C18 cartridge.
The oligosaccharide fraction was derivatized using the DMB-labeling method, and the derivatives were separated by a Bio-Gel P-2 column (45×1 cm i.d., BioRad, Hercules, CA, USA) by elution with water. Fractions of 1 ml each were collected, and the fluorescence intensity in each fraction was measured using a fluorescence spectrophotometer (Model F-2500, Hitachi, Tokyo, Japan). Fractions containing DMB-labeled oligosaccharides were collected, pooled, and evaporated to dryness in vacuo. The DMBlabeled oligosaccharides were analyzed by HPLC using an ODS-column Axxiom chromatography with a fluorescence detector at an excitation wavelength of 373 nm and an emission wavelength of 448 nm. The fluorescent peak at the retention time of 26.1 min, corresponding to that of the DMB-labeled oligosaccharide, was recovered from HPLC and desalted by a Sep-Pak C18 cartridge.
The ABOE-labeled oligosaccharides and the DMBlabeled oligosaccharides obtained from the Sep-Pak C18 cartridge were analyzed by Matrix-Assisted Laser Desorption Ionization-Time of Flight (MALDI-TOF) mass spectrometry using a Model 4700 Proteomics Analyzer (Applied Biosystems, Foster City, CA, USA) equipped with a nitrogen UV laser (λ=337 nm) with a matrix of 2,5-dihydroxybenzoic acid at a concentration of 10 mg/ml in 10% aqueous ethanol.
Structural determination of LF
Schematic outline of LF analysis
The schematic outline of LF analysis is shown in Fig. 3 . The molecular weight of the purified LF was determined by MALDI-TOF mass spectrometry. Phosphate was released from the purified LF by alkaline phosphatase treatment as described in the method of Gray et al. [22] . After chloroform partitioning, the phosphate content of the aqueous layer was quantitated by the method of Touster et al. [23] . The phosphate content of the chloroform layer was quantitated by the method of Bartlett et al. [24] . The chloroform layer was then dried down by evaporation and subjected to hydrazinolysis and N-acetylation. After hexane partitioning, the aqueous layer was evaporated to dryness, and the sample was passed through a Dowex 50WX-8 column. The effluent was concentrated, and the Nacetylglucosamine content was determined by a modified method of Morgan-Elson [25] . The hexane layer was dried down, and the free fatty acids were analyzed by the method of Duncombe and Rising [26] .
Chemical analysis and quantitation of components of LF Alkaline phosphatase treatment The purified LF (20 mg) was treated with alkaline phosphatase (from E. coli, Sigma, St. Louis, MO, USA) using the method of Gray et al. [22] . Briefly, 1 ml of alkaline phosphatase solution containing 50 units of the enzyme in 0.05M (NH 4 ) 2 CO 3 , pH 9.6, was incubated with the purified LF (20 mg), covered with 0.1 ml of toluene to retard bacterial growth, and incubated for 48 h at 37°. After incubation, 4 ml of chloroform was added, and the solution was separated to upper and lower phases. The aqueous layer was washed twice with 4 ml of chloroform. The combined chloroform layers and the aqueous layers were used for hydrazinolysis and phosphate determination, respectively. Hydrazinolysis and N-acetylation After alkaline phosphatase treatment, the phosphate-free LF recovered from the chloroform layer was subjected to hydrazinolysis. Briefly, 10 mg of the phosphoric acid-free LF was heated with 0.5 ml of hydrazine for 12 h at 100°C. The reaction solution was dried by evaporator and then partitioned by 2 ml of hexane and 1 ml of water. After the partitioning, the aqueous layer was dried by evaporation, dissolved with 1 ml of saturated NaHCO 3 in water and 0.1 ml of acetic anhydride, and then mixed for 30 min on ice. After N-acetylation, the reaction mixture was passed through a Dowex 50W-X8 column (column volume 1 ml), followed by elution with 5 ml of water. An aliquot of the effluent was dried by evaporation, and the N-acetylglucosamine content was determined by the modified method of Morgan-Elson [25] .
Quantitation of phosphate The released phosphate obtained from the aqueous layer by alkaline phosphatase treatment was measured by the method of Aronson and Touster [23] . Briefly, 2 ml of the upper layer solution was mixed with 0.5 ml of 2.5% ammonium molybdate in 2.5 M sulfuric acid and 0.2 ml of a reducing reagent that contained 10 mg of 1-amino-2-naphthol-4-sulfonic acid, 60 mg of sodium bisulfite, 60 mg of sodium sulfite, and 5.4 ml of water. The mixed samples were let stand for 20 min at room temperature. The OD at 660 nm was measured by a spectrophotometer using inorganic phosphate salt as the standard. Any bound phosphate in LF after the alkaline phosphatase treatment was measured by the method of Bartlett [24] . Briefly, 0.5 ml of the chloroform layer solution was dried down by a stream of nitrogen, mixed with 0.125 ml of 10 N H 2 SO 4 , and heated for 3 h at 150°C, followed by the addition of 10 μl of 30% H 2 O 2 and heating for 2 h at 150°C. After cooling on ice, an aliquot of the sample was mixed with 1.15 ml of 0.22% ammonium molybdate, followed by the addition of 0.05 ml of Fiske-Subbarow reagent containing 15% sodium bisulfite, 0.25% 1-amino-2-napthol-4-sulfonic acid, and 0.5% sodium sulfite in water. Subsequently, the sample solution was mixed and heated for 7 min at 100°C, followed by cooling on ice. The OD at 830 nm in the aliquot was measured by a spectrophotometer using inorganic phosphoric acid as the standard.
Quantitation of neutral monosaccharides Neutral monosaccharides were measured by the resorcinol-sulfuric acid method [19] . A 100-ng sample of LF was mixed with 0.1 ml of 0.01 M sodium acetate and 0.1 ml of resorcinol (6 mg/ml), and then followed by the addition of 0.5 ml of 75% (v/v) sulfuric acid/water 0.5 ml. The mixture was heated on a block heater for 30 min at 90°C. The solution was cooled on an ice bath and kept in the dark. The OD at 430 nm was measured by a spectrophotometer using mannose as the standard.
Quantitation of N-acetylglucosamine N-Acetylglucosamine was determined by the modified method of Morgan-Elson [25] . After hydrazinolysis and N-acetylation, the sample was dissolved in 0.5 ml of water and mixed with 0.1 ml of 1.6 M boric acid/water (adjusted to pH 9.1 by 1 M KOH); the sample was heated for 3 min at 100°C and then cooled on ice. The reaction solution was mixed with 3.0 ml of DMAB reagent (0.6 M p-dimethylaminobenzaldehyde/12.5% of 10 N HCl in acetic acid), heated for 20 min at 37°C, cooled on ice, and centrifuged at 2,500 rpm for 5 min. The OD at 530 nm in aliquot was measured by a spectrophotometer using N-acetylglucosamine as the standard.
Quantitation of fatty acids After hydrazinolysis, the hexane layer was dried in an evaporator. The total fatty acid level was quantitated by the method of Duncombe et al. [26] . Briefly, the dried sample was dissolved in 3 ml of chloroform, mixed with 1.5 ml of cupric reagent (1 M triethanolamine:1 M acetic acid:6.45% cupric nitrate, 9:1:10, by volume), and followed by shaking for 2 min at room temperature and centrifuging for 5 min. A chloroform phase (1.8 ml) was separated and mixed with 0.5 ml of 0.1% sodium diethyldithiocarbamate/2-butanol (w/v). The OD at 440 nm in an aliquot was measured using stearic acid as the standard.
GC-MS analysis of fatty acids After evaporation of the hexane layer, the fatty acids were subjected to esterification with 1 N HCl in methanol for 16 h at 80°C. The aqueous layer was partitioned three times with n-hexane. The hexane layers were pooled and evaporated under nitrogen, and the residues were examined by TLC-iodine staining after development in the solvent system of n-hexane: diethylether (8:2, v/v). TLC-iodine staining revealed that LF contained an equal amount of 2-and 3-hydroxy fatty acids. Each band of the fatty acid methyl esters was separated by preparative TLC. After preparative TLC, each of the fatty acid methyl esters was analyzed by gas chromatographymass spectrometry (GC-MS) with a Hewlett-Packard GC-MS (5972 MS and 5890 GC) Chemical Station equipped with a special-performance capillary column DB-1 (50 m× 0.25 mm) coated with dimethylpolysiloxane (film 0.25 μm). Analysis was performed under the following gradient conditions: initial temperature, 100°C; rate, 10°C/min; final temperature, 220°C.
Ctxb binding and ligand-precipitation of LS and LF using sucrose density gradient separation Samples of 100 μg each of LS, LF, LA1, LA2, LF/p, LA1/p, LA2/p, or GM1 were incubated with biotin-labeled Ctxb (10 μg) in PBS (500 μl) for 30 min at room temperature before transfer to the top of a linear gradient of 8-30% sucrose in 4.3 ml of PBS solution and ultracentrifugation using a Beckman Coulter XL-100K Optima Ultracentrifuge (Beckman rotor 55Ti, 200,000×g, 4°C, 16 h). Eight 600-μl fractions were collected from the top [12] . Each sample was then subjected to SDS-PAGE in 14% gel (non-reducing conditions) according to the method of Laemmli [27] . After electrophoresis, the proteins were transferred to a nitrocellulose membrane (Trans-Blot Transfer medium, 0.45 μm, BioRad, Hercules, CA, USA) in a transfer buffer containing Tris buffer (BioRad, Hercules, CA, USA) and 20% methanol in water. Non-specific binding sites were blocked with 5% milk casein in PBS containing 0.1% Tween 20 for 1 h. The blots were washed three times for 10 min each in PBS containing 0.1% Tween 20, then incubated for 30 min at room temperature with horseradish peroxidase-conjugated avidin (1:500 diluted by PBS, BioRad, Hercules, CA, USA). After removal of the unbound HRP-avidin by rinsing 3× 10 min in PBS containing 0.1% Tween 20, the blots were visualized on an X-ray film by the addition of ECL Western blotting detection reagent (Amersham Pharamacia Biotech).
Results
TLC-overlay of LS and LF with Ctxb
The lower fraction was examined by a TLC-overlay method with Ctxb after the plate was developed using n-propanol: H 2 O:25% NH 3 (6:3:1, v/v/v) as shown in Fig. 4 . TLC-Ctxb overlay revealed a slow-migrating (LS) band and a fastmigrating (LF) band. LF stained weakly with a Ctxb solution at 1:5,000 dilution and needed a higher concentration (1:1,000 dilution) of Ctxb than LS for clear staining.
Extraction of LOS and purification of LS and LF
The LOS fraction (500 mg) was applied to a silica gel column, followed by a stepwise elution. LF and LS were separated and eluted in fractions 1 or 3 as shown in Fig. 5a . The yield of fractions 1 and 3 was about 8 mg and 32 mg, respectively. To isolate Ctxb-binding components of fractions 1 and 3, each fraction was applied to an affinity column immobilized with Ctxb, and the bound component was eluted into fraction 2 ( Fig. 5aA and B) . LF and LS each gave a single band by TLC-overlay, and the yield was 0.5 mg and 3 mg, respectively (Fig. 5c ).
Structural analysis of LS
Monosaccharide compositional analysis
The purified LS was chemically analyzed by the method according to each step of the schematic outline as shown in Fig. 2 . After acetic acid hydrolysis, the oligosaccharides in the lyophilizate were separated by a Bio-Gel P-2 column (Fig. 6a) . Fractions 16 to 30 were collected, pooled, and freeze-dried. Subsequently, the oligosaccharides were subjected to carbohydrate compositional analysis by ABEElabeling and DMB-labeling. Figure 6b shows the HPLC profiles of the monosaccharide carbohydrate composition of LS. Table 1 shows the monosaccharide composition of the oligosaccharide of the Ctxb-binding fraction as having the molar ratio: Gal:GalNAc:Glc:Hep, 2.13:0.95:1.0:1.89 as shown in Fig. 6bA and Table 1 ; GalNH 2 :Glc/Gal/Hep in Fig. 6bB . Analysis of the DMB-labeled α-keto acid monosaccharides revealed the molar ratio of NeuAc:Kdo, 1.0:1.28, as shown in Fig. 6bC and Table 1 .
Analysis of ABOE-or DMB-labeled oligosaccharides
After separation of the oligosaccharides by Bio-Gel P-2 column chromatography, the pooled fractions of oligosaccharides were derivatized using ABOE or a DMB labeling kit, and the derivatives were separated on a Bio-Gel P-2 column. The fluorescence intensity in each fraction was measured using a fluorescence spectrophotometer. Fractions containing ABOE-or DMB-labeled oligosaccharides (fractions 22-36 for ABOE-oligosaccharides and fractions 11-24 for DMB-labeled oligosaccharides) were collected, pooled, and evaporated to dryness in vacuo (Fig. 6c,e) . Fig. 1 ) before Ctxb-affinity column chromatography were developed on the TLC plate using n-propanol:H 2 O:25% NH 3 (6:3:1, v/v/v) as the developing solvent and the plate was then examined by TLC-overlay at 1:1,000 (1 μg/ml) and 1:5,000 (0.2 μg/ml) dilution of Ctxb in PBS buffer containing 1% ovalbumin and 0.05% Tween 20 The dried residue of ABOE-labeled oligosaccharide solution was dissolved in water and analyzed by HPLC. Fluorescent peak A was recovered from HPLC and used for mass spectrometric analysis (Fig. 6d) . The dried residue of DMBlabeled oligosaccharide solution was dissolved in water and analyzed by HPLC under the same conditions as described previously [17] . Fluorescent peak B was recovered from HPLC and used for mass spectrometric analysis (Fig. 6f) .
Peak A shown in Fig. 6d and peak B in Fig. 6f were analyzed by MALDI-TOF mass spectrometry, and the results are shown in Fig. 7a Table 1 , the ratio of monosaccharides of ABOE-oligosaccharides and DMB-oligosaccharides could be deduced to be consistent with the following: structure I, Gal:GalNAc:Hep:NeuAc in the molar ratio of 2:1:1:1; and structure II, Glc:Hep:Kdo in the molar ratio of 1:1:1.
From the mass spectra of peaks A and B and their monosaccharide compositional ratios, LS was deduced to be an octasaccharide containing a phosphate residue: GalGalNAc-(NeuAc)Gal-Hep-(Glc;PO 3 H)Hep-Kdo as shown in Fig. 8a . A full-length oligosaccharide could not be recovered, probably due to decomposition between the disaccharide linkage of Hep of the octasaccharide during acetic acid hydrolysis.
Structural analysis of LF
Compositional analysis
The (Fig. 7c) .
The purified LF (20 mg) was treated with alkaline phosphatase by the method of Gray et al. [22] . After alkaline phosphatase treatment, the remnant of LF was tested by TLC using Dittmer staining and TLC-Ctxb overlay. Dittmer staining showed LF as a single band on TLC, but that band disappeared after alkaline phosphatase treatment (Fig. 9a) . Deprivation of the phosphate group caused the disappearance of the Ctxb-binding activity of LF as shown in Ctxb-overlay (Fig. 9b) . Lipid A binding activity to Ctxb was demonstrated by authentic lipid A with mono-or bisphosphorylation (LA1 or LA2), derived from the LPS of E. coli (Fig. 9b) .
Subsequent to chloroform partitioning, free and bound phosphates were determined by the method as described in "Material and methods" (Fig. 3) . About 96% of the total phosphate was released as inorganic phosphate. The total phosphate amount was estimated as 1.90 mg (19.39 μmol) per 20 mg of LF. The chloroform layer was dried by evaporation, and the residue was subjected to hydrazinolysis. After hexane partitioning, the aqueous layer was dried by evaporation, and the residue was subjected to Dowex 50W-X8 column chromatography. An effluent was dried by evaporation. The amount of N-acetylglucosamine was determined by a modified method of MorganElson [25] and converted into that of glucosamine disaccharide. The amount of glucosamine disaccharide was estimated to be 3.51 mg (9.44 μmol) per 20 mg of LF.
The amount of fatty acids was determined by the method of Duncombe and Rising [26] and converted into a molar amount using a molecular weight corresponding to m/z 667.1 as assigned by MALDI-TOF mass spectrometry. The concentration was estimated to be 14.01 mg (21.00 μmol) per 20 mg of LF.
No involvement of neutral monosaccharides (Glc or Gal) or a-keto acid monosaccharides (Kdo or NeuAc) was confirmed by the resorcinol-sulfuric acid reagent or HPLC analysis, respectively, as described in Materials and Methods. Ethanolamine was not identified in LF by the method of Nojima et al. [28] .
Compositional analysis of LF is presented in Table 2 . The molar ratio of phosphoric acid: glucosamine disaccha- Fig. 6 Structural analysis of LS. a: The elution profile of the oligosaccharides obtained from mild acid hydrolysis of LS with 1% acetic acid/water for 1 h at 90°C on Bio-Gel P-2 column chromatography (see Fig. 2 ). Detection of oligosaccharides was achieved by the resorcinol-sulfuric acid method (see in "Materials and methods"). b: HPLC separation of ABEE-labeled monosaccharides (A, B) on Honen Pak C18 column or DMB-labeled a-keto acid monosaccharides (C) on ODS column . Peak 1, Hep; 2, Gal; 3, Glc; 4, GalNH 2 ; 5, Glc/Gal/ Hep; 6, Kdo; 7, NeuAc. c: The elution profile of the ABOE-labeled oligosaccharides on Bio-Gel P-2 column chromatography (see Fig. 2 ). Detection was achieved by a fluorescence spectrophotometer at an excitation wavelength of 314 nm and an emission wavelength of 368 nm. d: HPLC separation of the ABOE-labeled oligosaccharides on Honen Pak C18 column at an excitation wavelength of 314 nm and an emission wavelength of 368 nm. e: The elution profile of the DMB-labeled oligosaccharides on Bio-Gel P-2 column chromatography (see also Fig. 2 ). Detection was achieved by a fluorescence spectrophotometer at an excitation wavelength of 373 nm and an emission wavelength of 448 nm. f: HPLC separation of the DMBlabeled oligosaccharides on ODS column at an excitation wavelength of 373 nm and an emission wavelength of 448 nm ride:fatty acid was 1.88:1.0:2.22, suggesting that most of the glucosamine residues were phosphorylated and that fatty acid was attached to the 2-and 2′-positions of the glucosamine disaccharide. Based on the molar ratio, LF was characterized as lipid A (Fig. 8b) .
GC-MS analysis of fatty acids
The fatty acids of LF were converted to their methyl esters and tested by TLC-iodine staining, which revealed the presence of two approximately equal bands, corresponding to authentic methyl esters of 2-hydroxy tetracosanoic acid and 3-hydroxy octadecanoic acid (see also below) (Fig. 9c) . Each of the TLC bands was separated by preparative TLC. GC analysis of the upper and lower constituents resulted in a single peak in each case corresponding to 2-hydroxytetracosanoic acid and 3-hydroxy octadecanoic acid by comparing their retention times, 49.12 min and 22.27 min, respectively. Mass spectrometric analysis of the former GC peak From the fatty acid fragment ion at m/z 667 in the MALDI-TOF mass spectrum, the fatty acid is presumed to be involved in LF in an ester form of 2-hydroxytetracosanoic acid and 3-hydroxy octadecanoic acid, as shown in Fig. 8c . Based on the above analysis, the proposed structure of LF is shown in Fig. 8b .
Binding profile of LF to Ctxb
We found that two distinct molecules, LS and LF, can bind with high and low affinities, respectively, to Ctxb. To confirm the formation of an LF-Ctxb complex, biotinlabeled Ctxb was incubated with LF, after which the samples were separated by sucrose density gradient centrifugation. Eight 600-μl fractions were collected and examined by SDS-PAGE (Fig. 10) . The expression profile Neutral or a-keto acid monosaccharides were converted into ABEEor DMB-derivatives, respectively, and analyzed by HPLC with a fluorescence detector. The molar ratio was estimated by fluorescence intensity ratio and was corrected with NeuAc/Gal fluorescence intensity ratio of authentic sialyllactose. a molar ratio of carbohydrates.
of LF was compared with those of GM1 and LS. Dense biotin-labeled Ctxb was found in fractions 4 and 5 after incubation with BSA. GM1-precipitated biotin-labeled Ctxb, however, was found in bottom fractions 8 and 9. A similar result was obtained from precipitation with LS. LF was less effective than either GM1 or LS in forming a complex with Ctxb-biotin, as indicated by the disperse complex distribution of Ctxb in fractions 4, 5, 7, and 8. We hypothesized that LF formed a complex with Ctxb by interacting with the disaccharide with its phosphate moiety, and we determine if complex formation occurred before and after alkaline phosphatase treatment. As shown in Fig. 10c , phosphatase-treated LF (LF/p) lost its binding affinity to Ctxb. Authentic lipid A with either mono-or bisphosphorylation was also tested for complex formation and resulted in weak complex formation as did LF (Fig. 10b,c) . LA2, which contains both phosphate groups, possessed stronger affinity toward Ctx-biotin than did LA1, which has only one phosphate group. The capability of complex formation between Ctxb and authentic lipid A (LA1 and LA2) decreased after phosphatase treatment (LA1/p and LA2/p, Fig. 10c ). The results suggest that the presence of both phosphate moieties is necessary for optimal interaction with Ctxb.
Discussion
Infectious microbial agents have long been thought to play an important role in the pathogenic mechanisms of a variety of autoimmune diseases. Molecular mimicry is a potential mechanism to account for the cross-reactivity of microbial components, such as peptides or carbohydrates, to certain self-epitopes in tissues to induce autoimmunity [29] [30] [31] . However, it has been difficult to prove that a microbial peptide is able to function as a pathogenic antigen because not all amino acid sequences are capable of inducing effective autoimmunity [32] . Molecular mimicry is valid only when a specific peptide with a defined amino acid sequence can represent a specific tissue epitopic structure that is recognized by an autoantibody. Carbohydrate mimicry is under a similar constraint as peptide mimicry.
Of course, we should not ignore the possibility that molecular mimicry might be associated with an initial activation of autoreactive T cells that are involved in the mechanism of autoimmune diseases [33] . We are interested in the specificity and cross-reactivity of serum antibodies against gangliosides in patients with Guillain-Barré syndrome. There is evidence that epitope recognition by molecular mimicry expands to multiple Fig. 9 Profile of Ctxb-binding activity and fatty acids of LF. a: LF was examined by TLC using the Dittmer staining before (lane 1) and after (lane 2) alkaline phosphatase treatment. b: LF was examined by TLC-overlay with Ctxb before (lane 1) and after (lane 2) alkaline phosphatase treatment. Authentic lipid A samples containing monophosphate (LA1) and diphosphates (LA2) were examined by TLCoverlay with Ctxb. c: Fatty acid methylester of LF was examined by TLC-iodine staining as described in "Materials and methods." Lane 1, authentic 2-hydroxy tetracosanoic acid methylester; 2, authentic 3-hydroxy octadecanoic acid methylester; 3, fatty acid methylester obtained after hydrolysis of LF cross-reactivity (epitope spreading) [34] . Anti-GM1 antibody production in patients with GBS after an antecedent C. jejuni infection is associated with carbohydrate mimicry between the oligosaccharides of GM1 and LPS [9, 10] . Direct evidence has been provided by sensitizing Lewis rats with the LPS of C. jejuni HS 19, which results in the subsequent elevation of antibody titers against GM1 and GD3 in the sera of these animals [35] . Carbohydrate mimicry of the GD3 epitope has also been validated in the LPS fractions of C. jejuni (HS 19). In the present study, we found that the LOS extract of C. jejuni HS 19 cells consisted of two distinct molecules, LS and LF, that can be distinguished by TLC-overlay with Ctxb. To validate molecular mimicry between these components and GM1, we purified LS and LF and elucidated their chemical structures. From LS we obtained two oligosaccharides, one of which is a pentasaccharide and the other a trisaccharide. Structural analyses confirmed that LS is an octasaccharide containing a monophosphate group: Gal-GalNAc-(NeuAc) Gal-Hep-(Glc;PO 3 H)Hep-Kdo. We could not obtain the native intact octasaccharide, probably because the native oligosaccharide could not survive the acid hydrolysis (1% acetic-acid hydrolysis for 1 h at 90°C), which would have cleaved the diheptose linkage. Nonetheless, we could validate the molecular mimicry for the tetrasaccharide remnant, GalGalNAc-(NeuAc)Gal, which is identical to that of the nonreducing terminal tetrasaccharide of GM1. This oligosaccharide residue clearly provides the structural basis for interaction with Ctxb. It should be mentioned that this terminal tetrasaccharide, Galβ1-3GalNAcβ1-4(NeuAcα2-3) Galβ1-4-with various degree of sialylation, has been previously reported in the LOS of HS 19 [36] [37] [38] . In the present study, we have further identified the same terminal core structure in strain HS 19 as the major component that is likely the antigenic epitope contributing to molecular mimicry in GBS.
On the other hand, we could not detect any GM1-like oligosaccharide epitope in LF. Instead, the LF was characterized as having a lipid A structure: 1, 4′-bisphosphoryl glucosamine-disaccharide N, N'-acylated by 3-(2-hydroxytetracosanoyloxy)octadecanoic acid at 2-and 2′-positions. The 3-hydoxyl group of the glucosamine-disaccharide of LF was not acylated by any fatty acids, presumably because of the elimination of any O-acyl group under that mild alkaline condition (25% ammonia for 48 h at 56°C). Consequently, the structure of LF was proposed to be the same as that shown in Fig. 8b . Although elimination of the O-acyl groups is expected to occur on the 3-(2-hydroxytetracosanoyloxy)octadecanoyl moiety, eventually the 2-hydroxytetracosanoyl group was retained in the proposed structure of LF. This finding also suggests the resistance of these ester-linked 2-hydroxyl fatty acids to mild alkaline hydrolysis [39] .
Long-chain fatty acids such as 2-hydroxy tetracosanoic acid and 3-hydroxy octadecanoic acid are novel constituents to be seen in lipid A. These fatty acids have been found in lipid A of the Agrobacterium and Mycobacterium [40, 41] . 2-Hydroxy tetracosanoic acid, also known as cerebronic acid, is abundant in the brain [42] . It is worth mentioning that subperineurial injections of very long-chain fatty acids into rat sciatic nerves caused demyelination [43] . If this were the case, there is an intriguing possibility that free fatty acids released from the LOS of infectious agents could also have pathogenic effects. The interaction between LF and Ctxb is due to a mechanism that is entirely different from that of Ctxb with GM1 and LS. Analysis of complex formation between Ctxb and LF was examined by sucrose gradient centrifugation. We presumed that Ctxb-binding with LF is not restricted by the presence of specific long-chain fatty acids 3-(2-hydroxytetracosanoyloxy)octadecanoic acid because the Ctxb-binding activity was also seen in lipid A from E. coli, in which the Ctxb-binding activity seems to be independent of the fatty acid species of lipid A. Unexpectedly, 1, 4′-bisphosphorylation of the glucosamine moiety in the disaccharide structure of lipid A is essential for its interaction with Ctxb. Furthermore, the bisphosphorylated form is more active than the mono-and non-phosphorylated forms for Ctxb-lipid A complex formation, suggesting the possibility of an electrostatic interaction between the two components. Our data also point to the involvement of novel structures other than GSLs for interaction with Ctxb.
Recently, it has been reported that Kdo2-lipid A also possesses binding affinity to Ctxb to form a complex with LOS via a GM1-independent binding region [44] . The authors demonstrated that the phosphate group on the Kdo core of LOS from Vibrio cholerae as preventing Ctxb from binding to the LOS, resulting in the secretion of soluble toxin across the outer membrane. Our present investigation revealed that Ctxb had a novel binding site at the LF fraction (lipid A), in addition to the other site on the LS fraction (terminal tetrasaccharide with a GM1-like epitope). In contrast to the Kdo-lipid A core, the binding of Ctxb to lipid A apparently depends on the phosphorylation status of lipid A. Further studies are needed to elucidate the biological significance of this novel binding site.
Bacterial polysaccharides have been considered as classic T cell-independent antigens that do not facilitate cellmediated immune responses [45] . However, it has been reported recently that the carbohydrate component of glycolipids and glycoproteins can influence T-cell responses [46] . Moreover, bacterial polysaccharides with a zwitterionic charge elicit a T-cell-dependent immune response [47] . These zwitterionic polysaccharides are processed to low-molecular weight carbohydrates by a nitro-oxidemediated mechanism and presented to T cells through antigen presentation. These molecules are inactivated by chemical modification, which eliminates the charges of the carbohydrate moieties [48] . Although LF seems to be interactive with Ctxb by participation of the negatively charged phosphate moiety, LF might be further processed to a zwitterionic disaccharide by cleavage of the long-chain fatty acids and by binding to the major histocompatibility complex inside antigen-presenting cells for presentation to T cells [49] . Molecular mimicry as a mechanism of GBS is a complex phenomenon that also involves T-cell mediated immune response for the activation of autoreactrive T cells, and further studies are necessary for clarifying the immunopathogenic role of LF.
